Abstract-It is well known that the electromagnetic (EM) waves
I. INTRODUCTION
Electromagnetic (EM) waves do not propagate well in tunnels. Due to the reflections on tunnel walls, the multipath fading in these environments is much more severe than the terrestrial wireless channels [1] . Moreover, the operating road tunnels are filled with mobile vehicles with random size and positions. The reflections and diffractions on the vehicles make the wireless channel in tunnels even more complicated. To setup reliable and efficient wireless communication systems in road tunnels, we need the analytical channel model that explicitly contains the dependence on the tunnel geometry, traffic information, and other communication parameters.
For empty tunnels, currently there are mainly three techniques to model the wireless channel: the Geometrical Optical model (GO model) [2] , the Waveguide model [3] and the Full Wave model [4] . The GO model and the Full Wave model are limited to numerical results and may create great computational burden. The waveguide model provides analytical results but is only applicable for the far region of the transmitter in empty tunnels. In [1] , we have developed the Multipath model that gives analytical results for both the near region and the far region in an empty tunnel. However the model cannot characterize the influence of vehicles in the tunnel. For tunnels with vehicles, current solutions are based on either experiments [6] or numerical methods (GO model [7] , [8] and Full Wave model [9] ). However, the experimental and numerical solutions cannot provide explicit description on the effect of tunnel geometry, the traffic information, † This work was supported by the US National Science Foundation (NSF) under Grant No. CCF-0728889. antenna position/polarization, operating frequency, and other environment or communication parameters. Currently there is no analytical channel model presented to characterize the signal propagation in road tunnels with traffics.
In this paper, we develop the channel model to analytically characterize the signal propagation in road tunnels with traffic flows. In particular, we implement the Multimode model to calculate the signal propagation in the empty part of the road tunnel. Around a vehicle in the tunnel, each propagation mode is converted to four plane waves with different directions. Due to the reflections and the diffractions of the plain waves on the vehicle, it may incur in-mode loss and mode coupling of each propagation mode. The closed-form of the in-mode loss and mode coupling coefficients is developed by uniform theory of diffraction (UTD) [10] , Poisson sum formula [11] and saddle point method. The field at the receiver is the joint effects of all the vehicles between the transceivers and the tunnel itself. Besides deterministic scenario, the statistical model for random traffic flows is also presented by considering the traffic flow as a Poisson process. Our analytical model is validated by comparing the theoretical predictions with the numerical results. Based on the new channel model, we present an indepth analysis on the signal propagation in tunnels with traffic, which is influenced by multiple factors including the number, size and position of the vehicles, the size and the curvature of the tunnel, the traffic load, and the vehicle velocity.
The remainder of this paper is organized as follows. In Section II, the Multimode model for empty tunnels is overviewed. In Section III, the signal propagation around a single vehicle is analyzed. In Section IV, the channel model for road tunnels with multiple vehicles are developed. Then, in Section V, the influence of the vehicles on signal propagation is analyzed by the new model. Finally, the paper is concluded in Section VI.
II. SIGNAL PROPAGATION IN EMPTY TUNNELS
In this section, the Multimode model for empty tunnels [1] is briefly overviewed, which lays the foundation of the analysis on the signal propagation in tunnels with vehicles. Specifically, the empty tunnel is modeled as an oversized waveguide with imperfectly lossy walls. Multiple waveguide modes with different eigenfunctions and attenuation coefficients are transmitting simultaneously in the tunnel. The tunnel cross section is treated as an equivalent rectangular with a width of 2a m and a height of 2b m. A Cartesian coordinate system is set with its origin located at the center of the 978-1-4244-6404-3/10/$26.00 ©2010 IEEE rectangle tunnel. The electric field E RX (x, y, z) at the position of the receiver can be obtained by summing up the field of all propagation modes, which is given by:
where z is the distance between the transmitter and the receiver; (x, y) is the coordinate of the receiver at the tunnel cross section; G t and G r are the TX and RX antenna gain, respectively; k is the wave number; E (x,y) and Γ N can be found in [1] , [5] . C T x N is calculated by projecting the EM field excited by the transmitter on the eigenfunction of the N th mode:
where E T x (x, y) is the EM field excited by the TX antenna at the position (x, y) on the excitation plane, which is calculated by the Geometrical Optical (GO) model.
III. SIGNAL PROPAGATION AROUND A SINGLE VEHICLE
The propagation modes can travel along the tunnel without interference with each other if the tunnel is empty. Vehicles in the tunnel may cause additional propagation loss of each mode, which is regarded as in-mode loss. Moreover, part of the energy of each mode may be coupled to the other modes due to the existence of the vehicles, which is regarded as mode coupling.
In this section, we analyze the influence of a single vehicle on the mode propagation inside the tunnel.
Without loss of generality, the vehicles are modeled as metal cubes with different sizes. According to US Federal Regulations, the width w, height h and length l of most vehicles (including cars, vans, buses and trucks) fall into the following intervals (unit is meter):
A. Classification of Vehicle Influence
We assume that the TX antenna is a X-polarized electrical dipole (horizontal polarization) in the deduction of this section. The results for Y-polarized antenna can be obtained in the similar way. The tunnel walls are made of concrete that have relative permittivity ε w . The wave number in the tunnel space is given by k = 2πf √ μ 0 ε 0 , where μ 0 and ε 0 are the permeability and the permittivity of the air in the tunnel, respectively; and f is the operating frequency. Since the permittivity ε w of the concrete tunnel wall is much larger than 1 and the wave number k is also large for high operating frequency (> 1 GHz), the eigenfunction of X-polarized mode EH mn provided by [1] can be simplified as:
where Assuming that there is a vehicle with size (w × h × l) inside the tunnel. Fig. 1 shows the top view and the side view of the tunnel with a vehicle. The vehicle is z v meters apart from the transmitter. The middle axle of the vehicle lies parallel to the z-axes with the position x = x v . In the empty tunnel between the transmitter and the vehicle, the field of EH mn mode is:
where
It shows that each propagation mode can be viewed as the superposition of four plane waves with four symmetric directions. ±α m and ±β n are the grazing angles of the plane waves on the tunnel walls, which satisfy:
It indicates that the higher order modes have larger grazing angles. Since higher order mode has much higher attenuation rate [1] , we pay more attention on the lower order modes. For the lowest order mode EH 11 , the grazing angle is very small. As illustrated in Fig. 1 , the vehicle can affect the propagation mode in two ways:
• The plane waves hitting the vehicle's front surface will be reflected back. The energy reflected back can be viewed as additional loss of the EH mn mode caused by the vehicle. This kind of influence is defined as in-mode loss.
• The plane waves hitting the edge between two surfaces of the vehicle will be diffracted. The diffracted waves has different transmission directions, which means that the energy is coupled to other modes. This kind of influence is defined as mode coupling.
B. In-Mode Loss
The in-mode loss is first calculated. The eigenfunction of the propagation mode gives the energy distribution pattern in the tunnel cross section of each mode. Basing on the eigenfunctions, the energy reflected back by the vehicle's front surface can be obtained. The in-mode loss is the ratio of the energy reflected back to the total energy in the cross section:
It shows that the in-mode loss is a function of the width, height and the position of the vehicle. Actually, in the interval of the tunnel where the vehicle exists, the mode attenuation coefficient Γ mn increases. It is because that the tunnel cross section in this interval is smaller than the empty tunnel. The increased attenuation coefficient causes the additional in-mode loss. However, this part of in-mode loss can be ignored for low order modes, which is due to the reason that the attenuation coefficient is small for low order mode and the vehicle length is relatively short (less than 20 m).
C. Mode Coupling
The diffraction on the vehicle edges causes a portion of one mode's energy coupling to other modes. According to Fig. 1 , the diffraction occurs on the four vertical edges and the two horizontal edges on the vehicle. Using the geometrical theory of diffraction (GTD) [12] , we can proof that the vertical edge on an obstruction can only cause one mode to be coupled to the modes that have the same eigenfunctions on y-axes (the eigenfunctions on x-axes can be different). In other words, when mode EH mn is diffracted on a vertical edge, it can only be coupled to the modes {EH tn |t = 1, 2, · · · }. Similarly, when mode EH mn is diffracted on a horizontal edge, it can only be coupled to the modes {EH ms |s = 1, 2, · · · }. Then the mode coupling analysis in tunnels can be simplified to two 2-dimensional problems: the mode coupling in x-z plane for the four vertical edges; and the mode coupling in y-z plane for the two horizontal edges. Fig. 2 shows the diffracted rays on the two horizontal edges in the y-z plane. The propagation mode EH mn hits the front upper horizontal edge F 0 and the rear upper horizontal edge R 0 . Since the attenuation coefficient of the low order mode is small and the vehicle length is usually several meters, the field attenuation and phase shift from the vehicle front to the rear can be ignored. Hence the fields at the front edge can be considered as the same as the field at the rear edge, which is:
where we view the field as the sum of two rays with grazing angle ±β n on y-z plane.
1) Mode Coupling on the Rear Horizontal Edge:
We first consider the diffracted field caused by the rear edge. Note that only the incident rays with direction −β n is considered for the diffractions on the rear edge, which is due to the reason that rays with direction β n cannot hit the rear edge, as shown in Fig. 1(b) . The edge can be viewed as a new radiation source. Due to the reflections on the tunnel ceiling/floor, the new source generates periodically positioned source images, as shown in Fig. 2 . The diffracted field caused by the rear edge can be calculated by summing up all the rays coming from all the images, which is:
where the upper sign is used for the case when p is zero, positive odd or negative even; the lower sign is for other cases; r p is the distance from image R p in Fig. 2 ; φ p is the angle of the grazing angle on the tunnel celing/floor of the rays coming from image R p ; it is also the diffracted angle on the y-z plane. R(φ p ) is the reflection coefficient that can be simplified as an exponential function [1] . D(θ 1 , θ 2 , θ 3 ) is the diffraction coefficient on an edge, where π 2 − θ 1 is the angle between the incident ray and the edge; θ 2 is the angle of the diffracted ray on the plane perpendicular to the edge; and θ 3 is the angle of the incident ray on the plane perpendicular to the edge. Since the GTD method cannot characterize the diffraction near the shadow boundary and the reflection boundary, we adopt unified theory of diffraction (UTD) to calculate the coefficients, which is given in [10, fomula (25) ].
To calculate the energy coupled to the other modes, the Poisson summation formula [11] is introduced to translate the sum of rays in (9) to the sum of modes. Therefore the total field right behind the vehicle (z 0) can be expressed as:
Note that the second line in (10) is exact the sum of the propagation modes. The total contribution caused by the whole edge can be calculated by integrate (10) 
2) Mode Coupling on the Front Horizontal Edge: The mode coupling coefficient for the front horizontal edge can be calculated in the similar way as the rear horizontal edge. As shown in Fig. 2 , the only two differences are: 1) the incident waves have both the directions ±β n ; and 2) due to the shadow effect of the vehicle itself, not all the images can illuminate the rest of the tunnel; Only the original source, the images with positive odd subscripts and the images with negative subscripts take effects. As a result, the coupling coefficient B f,h mn→ms from EH mn to EH ms caused by the front horizontal edge can be expressed as:
3) Total Mode Coupling: The mode coupling coefficient for the four vertical edges can be derived in the same way as the horizontal edges. We only need to interchange the x-axes data and the y-axes data. Therefore the total coupling coefficient B total mn→ms from EH mn to EH ms caused by the vehicle is the sum of the coefficients of the two horizontal edges:
The total coupling coefficient B total mn→tn from EH mn to EH tn caused by the vehicle is the sum of the coefficients of the four vertical edges:
D. Analytical Expression of a Single Vehicle's Effect
We construct the influence matrix of a vehicle using the results shown in (7), (13) and (14). If there are N significant modes inside the tunnel, the size of the influence matrix I is N × N . The elements in the diagonal of the matrix consist of the in-mode loss of each significant mode, which is given by (7) . The other elements in the matrix are the mode coupling coefficients. Note that mode coupling can only happen between two modes that has the same field distribution either in x-z plane or y-z plane. The coupling coefficients between those modes are given by (13) and (14). The mode coupling coefficients between other modes are zero. Given the size and the position of the vehicle, its influence on the signal propagation can be analytically expressed by using the influence matrix. Hence, the intensity of all the significant modes behind a vehicle inside the tunnel are:
. . .
where {C 1 , C 2 , . . . , C N } are the intensity of all the significant modes before the vehicle; and {C 1 , C 2 , . . . , C N } are the intensity behind the vehicle.
IV. CHANNEL MODEL FOR L-LANE ROAD TUNNELS
In this section, the channel model for a L-lane (L =1, 2, . . .) road tunnel with traffic is provided. We first develop the deterministic model for the case when the geometric information of both the tunnel and the vehicles are known. The predicted received power is compared with the numerical result provided in [7] . Then we present the statistical model for the case when the tunnel geometric information is given but the number, sizes and the positions of the vehicles are not known.
A. Deterministic Model
Assuming that there are M vehicles between the transceivers in the tunnel. The tunnel geometry is the same as the previous section. The position and size of the i th vehicle are (x i v , z i v ) and (w i , h i , l i ), respectively. The transmitter is placed in the tunnel cross section where z = z 0 and the receiver is placed at (x r , y r , z r ). The field intensity at the position of the receiver can be expressed as:
where E eign (xr,yr) is the eigenfunction vector at (x r , y r ): 
B. Comparison with Numerical Results
Since it is difficult to conduct experiments in the operating road tunnel with running vehicles, we validate our theoretical model with the numerical results provided in [7] . The numerical results gives the received power in a two-lane curved road tunnel under the influence of 48 cars and trucks. The tunnel geometry and the vehicle positions are briefly shown in Fig. 3 . Using the same parameters, the received power is calculated by our determined model as shown in Fig. 3 . The theoretical curve is compared with the numerical results given in [7, Bild 6.7] . It is shown that the two curves have a good match.
C. Statistical Model
In practical applications, the exact sizes and positions of all the vehicles in the tunnel cannot be acquired. Instead of using the deterministic traffic information, we adopt the traffic flow theory and the vehicle size distribution model to predict the signal propagation inside an operating road tunnel. In long road tunnels, there is usually no traffic lights and the traffic flow has only one direction (separate tunnels for traffic with different directions). In addition, we assume that the traffic load is not high and the average vehicle running velocity is v. Hence the traffic flow can be modeled as a Poisson flow [13] . The total number of the vehicles within the distance d is denoted as M . The probability of M = m is:
where λ is the average rate of vehicle arrival (vehicles/sec) in the road tunnel. The distance between the i th and (i−1) th vehicle (z i −z i−1 ) obeys independent exponential distribution. The probability density function (pdf) is:
Every The effect of vehicles on the signal propagation is not as significant as the one-lane tunnel case, which can be explained by the following reasons: 1) the two-lane tunnel has a larger cross section. Hence the signal attenuation of each mode in the empty tunnel is smaller than the one-lane case. 2) the ratio of the vehicle's cross section area to the tunnel's cross section area is much smaller than the one-lane case, hence the in-mode loss and the mode coupling become less significant.
B. Tunnels with Random Vehicles
In this part, the traffic load is described using the average rate of vehicle arrival λ. We define λ = 0.2 as the high traffic load case and λ = 0.05 as the low traffic load case. In the same way, we denote the average vehicle velocity v = 72 km/h as the high speed case and v = 36 km/h as the high speed case. Fig. 5(a) shows the received power under the influence of two types of traffic flows in a straight tunnel. The received power is shown as a function of the transmission distance. The influence of the traffic flow with lower load and higher speed is less significant than the higher load and lower speed case. When the traffic load is light, fewer vehicles enter the tunnel. When the average vehicle speed is high, the vehicles in the tunnel leave the tunnel more quickly. Consequently, the number of vehicles in the tunnel is smaller. According to the previous discussion on the effects of vehicle number, the effect of the traffic flow should be less significant.
1) Straight Tunnel:
2) Curved Tunnel: Fig. 5(b) illustrates the signal propagations in a curved tunnel with two types of traffic flows. The curve radius of the tunnel is 1 km. The influence of the vehicles on the signal propagation is similar to the straight tunnel case. When the traffic is light and the average speed is high, the signal fluctuation is more severe than the straight tunnel case. It should be noted that this additional fluctuation is not caused by the vehicles but the tunnel curvature.
VI. CONCLUSION
In this paper, we provide a closed-form expression that can accurately predict the signal propagation and field distribution in any position of a road tunnel with traffics. Specifically, the Multimodel model is used in the tunnel where there is no vehicle. The propagation modes experience in-mode loss and mode coupling around a vehicle. The UTD method, Poisson sum formula and saddle point method are utilized to calculate the in-mode loss and mode coupling coefficients. Besides the deterministic model, a statistical model that takes the traffic flow model into consideration is also presented. Based on the proposed channel model, our analysis shows that: the vehicles in road tunnels will cause additional path loss and signal fluctuations. In the deterministic case when all the information of the vehicles are known, the number and size of the vehicle, as well as the size of the tunnel determine the intensity of the
